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INTRODUCTION

Materials for U.S. Air Force advanced weapons systems must meet new

combinations of design load and damage tolerance requirements as well as

tightened economic and environmental constraints. New alloys and modifica-

tions in composition, processing, or product forms of existing alloys are

continually being developed to meet these increased demands. However, many

potentially attractive materials are either in the final development stage or

have just become commercially available and, as such, engineering data

adequate for evaluation and comparison to other alloys are not available. The

Air Force, in recognition of this fact, has sponsored several programs at

Battelle's Columbus Laboratories to provide appropriate comparative engineering

data for newly developed materials. Such data could relieve the above situation

and stimulate interest in the use of these alloys for advanced structures. The

materials included in these evaluation programs were carefully selected to

insure that they were available or could become quickly available on request

and, most importantly, that they represented potentially attractive alloy

projections for weapons systems usage.

Material properties investigated were tension, compression, shear,

impact, bend, fracture toughness, fatigue, creep and stress rupture, and

stress corrosion at appropriate temperatures and using standardized test

procedures (per ASTM) where possible. This matrix was later expanded to

include density, thermal expansion, bearing, and crack propagation properties.

Data sheets containing typical properties were issued after the completion of

each material evaluation in order to make the data rapidly available instead

of waiting until the end of the contract term. No statistical significance is

attached to these properties.

The "data sheet" program was first sponsored in 1965 and has

continued since that date. More than 80 materials have been evaluated over

the years. Data sheets have been issued for each evaluation and the supporting

data have been published in final summary reports AFML-TR-67-418, AFML-TR-68-

211, FMt-TR-70-252, F7fL-TR-71-249, AFMl-TR-72-196, Volumes I and I, AFML-

TR-73-114, AFML-TR-75-97, and AFML-TR-77-198. Some of the alloys, processes,

or conditions evaluated since 1965 may have changed, been discontinued, or

refined in some way. Those which are known are footnoted in the "Index to

Structural Materials Data Sheets" which follows. It is quite possible that

others have been discontinued or are special order material.

The current year's effort has resulted in six new data sheets. These

were for Custom 450 strip, Ti-15V-3Cr-3Al-3Sn sheet, A206.0-T7 castings, 2240-

T6 castings, C355.0-T61 castings, and Ti-4.5A1-5Mo-l.5Cr plate.

It is believed that the data sheets provide a valuable material

property reference; therefore, this technical report presents, under one

cover, all of the data sheets issued on this effort since its inception in

1965, including the current six new ones. In addition, it presents the

supporting data for the six new data sheets.
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ORGANIZATION OF REPORT

The data sheets are presented in roughly the order of publication in

a previous summary report. However, to aid in assessing and locating specific
materials, an index has been prepared.

The index groups the alloys by the categories:

* steel

* aluminum
* magnesium

* titanium
* heat resistant
* beryllium and special purpose.

Within each category the materials are arranged alphabetically or numerically,

as appropriate. The index as oresented on the following pages lists the mate-
rial, .hickness, processing (if pertinent), product, an abbreviated condition,
and a page number. More detailed descriotions of the material and condition

appears within each data sheet.
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TD Nickel

TD Nickel is a recently developed alloy containing 2 volume percent

thoria and the balance nickel (Ni-2Th02 ). This alloy shows promise as a

structural material for use in the temperature range from 1800 to 2400 F. It has

excellent thermal stability, high thermal conductivity, and a high melting point.

The material has sufficient ductility for simple cold-forming opera-

tions and can be machined in the same manner as stainless steel.

Fusion welding requires special techniques to achieve sound joints.

However, this alloy can be joined quite readily by brazing, ultrasonic welding,

and diffusion bonding.

The alloy is available as sheet, bar, tubing, wire, foil, and forging.

TD Nickel Sheet DataZa)

Condition: Stress-relieved(b)

Thickness: 0.060 inch

Temperature, F

Properties RT 1600 1800 2000

Tension

Ftu (longitudinal)) ksi 63.6 21.4 17.9 14.7

Ftu (transverse), ksi 63.8 20.6 17.1 13.3

Fty (longitudinal), ksi 46.2 21.2 17.7 14.3

Fty (transverse), ksi 45.6 20.3 16.8 12.9

et (longitudinal), percent in 2 in. 14.5 5.0 5.0 8.0

et (transverse), percent in 2 in. 14.5 3.0 3.0 3.0

Et (longitudinal), 106 psi 16.9 10.7 9.1 8.2

Et (transverse), 106 psi 17.8 10.3 8.8 8.6

Compression

Fcy (longitudinal), ksi 42.1 20.9 17.2 13.6

cy (transverse), ksi 49.4 20.3 16.1 12.8

Ec (longitudinal), ksi 16.0 9.5 9.9 7.7
Ec (transverse), ksi 18.4 9.7 9.9 7.4

Shear

Fsu (longitudinal), ksi 57.9 NA NA NA

Fsu (transverse), ksi 58.4 NA NA NA
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Temperature, F

Properties RT 1600 1800 2000

Bend

(transverse) Sharpe (e) NA NA NA

Imp act (3t-NA
( c ) 30.0 (c)

(Charpy V-notch), ft-lb 30.0NA

Fracture Toughness

KICC ksi ,'inch (d) NA NA NA

Axial Fatigue (transverse)

Unnot5hed,. Kt = 1, R = 0.1

10, cycles, ksi 63.0 23.0 19.0 NA

10 cycles, ksi 57.5 19.5 16.0 NA

10 cycles, ksi 45.0 15.0 11.5 NA

Notched, Kt = 3, R = 0.1
I0 cycles, ksi 61.0 22.5 .17.0 NA

10D cycles, ksi 39.0 15.0 12.0 NA

107 cycles, ksi 22.5 10.0 8.0 NA

Creep (transverse)

0.27, elongation 100 hours, ksi NA 10.0 7.2 4.6

0.2". elongation, 1000 hours, ksi NA 8.2 5.2 3.5

Stress Ruoture

Rupture, 100 hours, ksi NA 11.0 7.8 5.4

Rupture, 1000 hours., ksi NA 9.0 5.8 4.4

Stress Corrosion

30% F . 1000 hours max No cracks NA NA NA
tv,

Coefficient of Thermal Exnansion

68 to 800 F 8.7 x 106 in./in./F

Densi:v 
(1 ,2) 

0.322 lb/in.3

8



Temperature, F
Properties RT 1600 1800 2000

Ductile-to-Brittle Bend-Transition Lower than -1000 FM

Temperature, F

Melting Temperature 2650 F (3 )

(a) Data are average values.
(b) Treatment: I hour at 2000 F in hydrogen. Test material from two

production heats.
(c) Information either not available or not applicable.
(d) Fatigue-cracked center-notched specimens (0.060 x 3 x 12 inch)

failed in a ductile manner.
(e) Sharp bending tup (105-degree angle); specimen unloaded bend angle

over 100 degrees; no cracks at RT.
(f) Sharp bending tup (105-degree angle); no cracks at -100 F.
(g) Alternate immersion 3-1/2 percent NaCl.

Notes: Thermal conductivity, Btu/ft
2/in./hr/l F at 70 F - 600 (2,3)

500 F - 380
1100 F - 300
1500 F - 320
1700 F - 340

Electrical resistivity, microhm-cm (70 F) 7.6(2,3)

Specific heat, Btu/lb/F 0.106(2,3)

9
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HP 9-4-25

The HP 9-4-25 alloy is a nickel-cobalt quenched and tempered martensitic
steel possessing excellent toughness at yield strength levels up to about 200 ksi.
This alloy was designed for use as plate, structural sections, and forging
applications. It is especially suitable for highly stressed structures requiring
good material reliability and weldability.

This steel is sensitive to thermal-mechanical treatments. In
particular, both the strength and toughness can be increased by hot-cold working.

The alloy is available as sheet, plate, wire, rod, bar, and forging.

HP 9-4-25 Plate Data(a)

Condition: 1025 T temper(b)

Thickness: 0.25 inch

Temperature, F
Properties RT 500 700 900

Tension

Ftu (longitudinal), ksi 197.0 182.0 165.0 138.0
Ftu (transverse), ksi 197.0 183.0 166.0 138.0
Fty (longitudinal), ksi 184.0 161.0 146.0 123.0
Fty (transverse), ksi 185.0 162.0 147.0 123.0
et (longitudinal), percent in 2 in. 15.0 16.0 15.0 15.7
et (transverse), percent in 2 in. 15.5 16.0 15.2 16.5
Et (longitudinal), 106 psi 27.3 25.7 24.1 21.5
Et (transverse), 106 psi 27.8 26.2 26.0 22.9

Compression

Fcv (longitudinal), ksi 200.0 178.0 164.0 134.0
Fc' (transverse), ksi 197.0 178.0 164.0 134.0
Ec (longitudinal), 106 psi 30.1 28.7 27.7 25.7
Ec (transverse), 106 psi 28.9 27.7 26.4 24.8

Shear

Fsu (longitudinal), ksi 128.0 U U U
Fsu (transverse), ksi 128.0 U U U

Impact

Charpy V-notch, ft-lb ( 7 )  35-50 U(c) NA (d) MA

13



Temperature, F
Properties RT 500 700 900

Fracture Toughness

KIC, ksi , inch (e) NA (e) NA

Axial Fatigue (transverse)

Unnotched, Kt = 1, R = 0.1
103 cycles, ksi ( f ) - 202.0 210.0 208.0 U

10D_ cycles. ksi 156.0 170.0 165.0 U
7

10 cycles, ksi 140.0 158.0 150.0 U

Notched Kt = 3, R =0.1
10 cycles, ksi 180.0 175.0 138.0 U

107 cycles, ksi 56.0 60.0 70.0 U
10' cycles, ksi 60.0 55.0 62.0 U

Creep (transverse)

0.5" elongation, 100 hours, ksi NA (g) 135.0 80.0

0.5' elongation, 1000 hours, ksi NA (g) 130.0 64.0

Stress Rupture

Rupture 100 hours, ksi NA (g) 150.0 100.0

Rupture iO0O hours, ksi NA (g) 138.0 68.0

Stress Corrosion

30% F 1000 hours ma:: No cracks (h )  U U U

Coefficient of Thermal Expansion

63 to 300 F (6)  6.4 x 106 in./in./F

Density (6) 0.28 lb/in.3

(a) Data are from tests conducted at Battelle under the subject contract
unless otherwise indicated. In most cases data are average values for

three tests. Fatigue, creep, and stress-rupture values are from data
curves zenerated usinz the results of a greater number of tests.

(b) Treatment: 1 hour at 1600 F AC; I hour at 1525 F OQ; 2 2 hours at

1025 F.
(c) Information unavailable.
(d) :nformazion not applicable.

14



(e) Fatigue-cracked single-edge-notched specimen (2 x 8 inches at RT, 2 x

13-1/4 inches at ET) failed in ductile manner. Nominal notch strength

100 to 103 ksi.
(f) "KtI" represents Neuber-Peterson theoretical stress-concentration

factor. "R" represents algebraic ratio of the minimum stress to the

maximum stress in 1 cycle; that is, R Smin/Smax'

(g) Steel did not go to 0.5 elongation or to rupture at 500 F when stressed
to tensile yield-strength level.

(h) Alternate immersion, 3-1/2' NaCl.

i5
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HP 9-4-45

The HP 9-4-45 alloy is a nickel-cobalt steel which possesses high
strength with good toughness. A quench and temper heat treatment may be used
for sheet and thin sections to produce a tempered martensitic structure. This
treatment provides 250 psi yield and 290 ksi ultimate tensile-strength levels
while maintaining adequate toughness. An alternative heat treatment that pro-
duces a bainitic structure increases the section size that can be hardened. The
bainitic treatment at yield strengths of 230 ksi and ultimate strengths of 270
ksi increases the toughness for all product forms.

This alloy is intended to be fabricated in the annealed condition. It
can be TIG welded in the annealed condition but requires post treatment to

achieve high joint efficiencies.

The alloy is available as sheet, plate, bar, and forging.

HP 9-4-45 Plate Data(a)

Condition: Bainitic
(b )

Thickness: 0.25 inch

Temperature, F
Properties RT 300 500

Tension

Ftu (longitudinal), ksi 270.0 272.0 234.0
Ftu (transverse), ksi 260.0 271.0 235.0
Fty (longitudinal), ksi 222.0 196.0 167.0
Fty (transverse), ksi 224.0 197.0 166.0
et (longitudinal), percent in 2 in. 11.0 13.2 16.5
et (transverse), percent in 2 in. 10.0 11.6 15.7
Et (longitudinal), 106 psi 27.1 26.8 24.6
Et (transverse), 106 psi 27.7 26.6 24.9

Compression

Fcy (longitudinal), ksi 249.0 219.0 187.0

Fcy (transverse), ksi 251.0 224.0 192.0
Ec (longitudinal), 106 psi 29.3 28.4 27.9
Ec (transverse), 106 psi 29.2 28.2 27.3

Shear

Fsu (longitudinal), ksi 159.0 U U
Fsu (transverse), ksi 159.0 U U

19



Temperature, F

Properties RT 300 500

Impact

Charpy V-notch, ft-lb 16-22 U NA

Fracture Touhness

K ic ksi , Lnch (e) U (e)

Axial Fatigue (transverse)

Unnotched. K, 
= I. R = 0.1

(f)

l0 cycles7 ksi 274.0 272.0 270.0

10
] cycles, ksi 165.0 144.0 138.0

10 cycles, ksi 14L.0 124.0 120.0

Notched. K, : 3 R 0.
103 cycles, ksi 190.0 190.0 168.0

10 cycles, ksi 70.0 68.0 68.0

0 cycles, k si 55.0 60.0 60.0

Creep (transverse)

0.37 elonation, 100 hours, ksi NA NA (g)

0.57' elongation, 1000 hours, ksi NA NA (g)

Stress Ruoture

Rupture, 1 0 hours, ksi NA NA (g)

Rupture, 1O0 hours, ksi NA NA (g)

Stress Corrosi'-n

807 F D000 hours max No cracks (h) U U

Coefficient of her-al Expansion

68 to CO ( 7') 6.2 x 10 - 6 in./in./F

Densit
( 6 )  0.28 lb/in. 3

(a) Data arc from tests conducted at Battelle under the subject

contract unless OLher,ise indicated. In most cases, data are

averae values for three tests. Fatigue, creep, stress-rupture

values are rom ata curves cenerated usina the results of a

.reater number of tests.

20



(b) Treatment: 1 hour at 1600 F, AC; 1 hour at 1475 F; 6 hours at
475 F.

(c) Information unavailable.
(d) Information not applicable.
(e) Pop-in experienced; however, data were not within criterion for

valid tests of References (4) and (5).
(f) "Kt" represents Neuber-Peterson theoretical stress-concentration

factor. "R" represents algebraic ratio of the minimum stress to
the maximum stress in 1 cycle, that is, R = Smin/Smax .

(g) Steel did not go to 0.5 percent elongation or to rupture at 500 F
when stressed to tensile yield-strength level.

(h) Alternate immersion, 3-1/2% NaCl.

21
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HP 9-4-25

The HP 9-4-25 alloy is a nickel-cobalt steel possessing excellent

toughness when quenched and tempered to yield strength levels up to about 200 ksi.

It is especially suitable for highly stressed structures requiring good material

reliability and weldability and is intended for fabrication in the heat-treated

condition for moderate and heavy sections.

This steel is sensitive to thermal-mechanical treatments and both the

strength and toughness can be increased by hot-cold working.

HP 9-4-25 is available as sheet, plate, wire, rod, bar, and forgings.

HP 9-4-25 Data(a)

Condition: 1025 F Temper(b)

Thickness: 2-1/2-inch forging

Temperature, F
Properties RT 500 700 900

Tension

Ftu (longitudinal), ksi 196.0 182.0 167.0 142.0

Ftu (transverse), ksi 194.0 181.0 167.0 141.0

Ftu (short transverse), ksi 197.0 .. .. ..

Fty (longitudinal), ksi 186.0 160.0 145.0 128.0

Fty (transverse), ksi 185.0 162.0 145.0 125.0

Ftv (short transverse), ksi 186.0 .. .. ..
e (longitudinal), percent in 2 in. 19.3 19.8 18.2 19.9

et (transverse), percent in 2 in. 18.2 17.8 18.0 18.5

et (short transverse), percent in I in. 17.7 .. .. ..

RA (longitudinal)j percent 66.2 68.5 71.2 73.3

Et (longitudinal), 106 psi 27.8 27.6 26.2 25.6

Et (transverse), 106 psi 27.6 26.9 26.3 24.2

Compression

Fcy (longitudinal), ksi 196.0 169.0 155.0 131.0
Fcy (transverse), ksi 196.0 168.0 155.0 130.0

E. (longitudinal), 106 psi 30.1 27.9 26.1 23.2

E, (transverse), 106 psi 30.1 27.8 27.0 23.5

Shear(c)

Fsu (longitudinal), ksi 123.6 U ( d )  U U
Fsu (transverse), ksi 124.5 U U U



Temperature, F

Properties RT 500 700 900

Impact

Charpy V-notch, ft-lb 35 -50 (a)

Fracture Toughness

KIC, ksi inch no pop-in U U U

Axial Fatigue (transverse) (g)

UnnotShed, R = 0.1

10 cycles, ksi 205.0 198.0 194.0 U5
10 cycles, ksi 183.0 174.0 172.0 U
10 cycles, ksi 160.0 144.0 120.0 U

Notched, K = 3.0, R = 0.1
103 cycles, ksi 195.0 191.0 182.0 UJ

107 cycles, ksi 83.0 74.0 71.0 U
10 cycles, ksi 60.0 55.0 49.0 U

Creep (transverse)

0.5% elongation, 100 hours, ksi NA(d) NA 135.0 73.0

0.5% elongation, 1000 hours, ksi NA NA 130.0 62.0

Stress Rupture (transverse)

Rupture, 100 hours, ksi NA NA 155.0 95.0

Rupture, 1000 hours, ksi NA NA 148.0 70.0

Stress Corrosion
(b)

80% Fty. 1000 hours max No cracks U U U

(i)
Coefficient of Thermal Expansion

68 to 800 F 6.4 x 10-6 in./in./F

Density (i) 
0.28 lb/in.

3

(a) Data are average of triplicate tests conducted at Battelle under the

subject contract unless otherwise specified. Fatigue, creep, and

stress-rupture values are from data curves generated using a greater

number of tests.
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(b) Treatment: 1 hour at 1600 F, AC; I hour at 1525 F, OQ; 2 + 2 hours
at 1025 F.

(c) Double shear (1/4-inch pin).
(d) U = unavailable; NA = not applicable.
(e) Values from Reference (7).
(f) Fatigue-cracked single-edge-notched specimen (1 x 2 x 18 inches) tested

in bending under four-point loading. No pop-in detected.
(g) "R" represents algebraic ratio of the minimum stress to the maximum

stress in one cycle; that is, R = Smin/Smax. "Kt" represents the Neuber-
Peterson theoretical stress-concentration factor.

(h) Alternate irmersion, 3-1/2% NaCl. Three-point loading bend test.
(i) Values from Reference (6).
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HP 9-4-45

The HP 9-4-45 alloy is a nickel-cobalt steel developed specifically to

have high hardenability and good toughness. A quench and temper heat treatment

may be used for sheet and thin sections to produce a tempered martensitic struc-

ture. An alternate heat treatment that results in a bainitic structure increases

the section size that can be hardened. The bainitic treatment increases the

toughness for all product forms.

This alloy is intended to be fabricated in the annealed condition. It

can be TIG welded in the annealed condition but requires past treatment to

achieve high joint efficiencies.

HP 9-4-45 is available as sheet, plate, bar, and forgings.

HP 9-4-45 Data (a)

Condition: Bainitic
(b )

Thickness: 2-1/2-inch forging

Temperature, F

Properties RT 300 500

Tension

Ftu (longitudinal), ksi 266.0 272.0 237.0

Ftu (transverse), ksi 265.0 272.0 241.0

Ftu (short transverse), ksi 266.0 .. ..

Ftv (longitudinal). ksi 220.0 196.0 171.0

F.' (transverse), ksi 220.0 196.0 170.0

Fcv (short transverse), ksi 22C.0 .. ..
et (longitudinal), percent in 2 in. 14.0 16.7 18.3

e. (transverse), percent in 2 in. 10.5 12.5 17.8

e- (short transverse), percent in 2 in. 13.3 .. ..

RA (longitudinal), percent 54.8 55.2 68.7

RA (transverse), per%ent 40.2 35.7 56.2

Et (longitudinal). 100 psi 27.9 26.6 24.-

Et (longitudinal) , 10 psi 27.6 26.6 2-'.3

Compression

Fcv (longitudinal), ksi 246.0 211.0 I3a.O
Fc' (transverse), ksi, 245.0 216.0 182.0

Ec (longitudinal), 10 psi 30.1 27.4 26.9

Ec (transverse), 100 psi 30.1 27.3 26.6

Shear (d)

Fsu (Ion2itudinal), ksi 161.2 U (c )  U
Fsu (transverse), ksi 161.5 U U
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Temperature, F

Properties RT 300 500

Impact

Charpy V-notch, ft-lb 16 -2 2 (e) U

Fracture Toughness

K 1V ksi /inch 4 6 .0 (f) U u

Axial Fatigue (transverse) (g)

Unnotched, R = 0.1
103 cycles, ksi 266.0 266.0 237.0
1075 cycles, ksi 187.0 164.0 157.0
10 cycles, ksi 150.0 130.0 110.0

Notched, K = 3, R = 0.1
103 cycies, ksi 205.0 200.0 188.0

107 cycles, ksi 72.0 65.0 60.0
107 cycles, ksi 50.0 50.0 50.0

Creep and Stress Rupture NA(c) NA (h)

Stress Corrosion

80% F 1000 hours max No cracks (i )  U Uty'

Coefficient of Thermal Expansion
(e )

68 to 800 F 6.2 x 10-6 in./in./F

Density (j)  0.28 lb/in.3

(a) Data are average of triplicate tests conducted at Battelle

under the subject contract unless otherwise indicated.

Fatigue, creep, and stress-rupture values are from data curves
generated using the results of a greater number of tests.

(b) Treatment: I hour at 1600 F, AC; I hour at 1475 F; quench in
salt at 475 F; 6 hours at 475 F.

(c) U = unavailable; NA = not applicable.
(d) Double shear (1/4-inch pin).
(e) Values from Reference (7).

(f) Fatigue-cracked single-edge-notched specimen (1 x 2 x 18 inches)
tested in bending under four-point loading. Pop-in detected by

means of a strain gage mounted on the specimen opposite the

fatigue crack.
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